This paper deals with the identification of multidomain configuration in ferroelastic phases of La 0.95 Sr 0.05 Ga 0.9 Mg 0.1 O 3−x using polychromatic synchrotron X-ray radiation (Laue method).
Introduction
Concerns about global warming due to increased emission of greenhouse gases and the depletion of fossil fuels have caused a renewed interest in alternative energy sources. Solid oxide fuel cells offer an environmentally advantageous alternative to classical engines generating electric power. One of the major technological problems with solid oxide fuel cells (SOFCs) is, however, to achieve high electrical conductivities. There is the tendency to develop SOFC electrolytes with higher conductivities at lower temperatures [1] . Literature search shows that all oxide electrolytes with high ionic conductivity show typical martensitic phase transitions which produce nanosize ferroelastic domain structures [2] [3] [4] [5] [6] . The high ionic conductivity of heavy-twinned electrolyte materials can be explained by different transport properties of domain walls and bulk areas of such compounds [7, 8] .
The atomic size of twin walls and the nanosize dimensionality of domains made it difficult to get reliable experimental data about the influence of the interaction of point defects (oxygen vacancies) and ferroelastic domain walls with high ionic conductivity. The presence of ferroelastic domains often complicates or even does not allow us the detailed investigation of the physical properties in anisotropic ferroelastic phases. For example, due to different geometrical orientations of domains in a crystal it is difficult to perform the refinement of the crystal structure by single crystal methods [9] .
Previous attempts to better understand the influence of the domain (twin) structure on the physical properties were in general focused on computer simulation since experimental methods to identify domain wall configurations in samples with nanosize dimensionality were absent, except from high resolution transmission electron microscopy (HRTEM) [10] [11] [12] [13] [14] [15] [16] [17] . The correlation between the ferroelastic domain structure with the point defect system as well as with physical properties requires knowledge about the configuration of domain walls in the ferroelastic phases.
HRTEM allows us to identify ferroelastic domain configurations in thin two-dimensional samples. Therefore we aim to develop a non-destructive method which allows us to identify the geometrical orientation of ferroelastic domains and the configuration of domain walls under the simultaneous influence of different types of external fields (thermal, mechanical, electrical, magnetic, etc.).
At the same time the "white" character of synchrotron radiation re-established the classical Laue method: it is now possible to record thousands of diffraction spots from crystalline samples in a short time using charge--coupled device (CCD) area detectors. For example, the divergence of the majority white beams at different synchrotron sources is smaller than a few milliradians and the space discriminatory limit (20-60 µm per pixel) of modern CCD-detectors allows us to fix the orientation contrast of the domain structure at a value of a few angle minutes. On the other side, the high intensity of synchrotron stations (more than 5 times higher than standard X-ray tubes) and the high sensitivity of CCD--detectors (40 electrons per a photon with λ = 1.54056 Å) allows us to reduce the Laue pattern exposition time to 0.1 s. This tool can therefore be used for the characterization (determination of twin laws, misorientation of domains and domain wall orientations) of the twin structure, both in small crystals of submillimeter sizes [18, 19] and very small areas (few µm) of larger samples (white beam X-ray microdiffraction) [20] [21] [22] . It can be used for in situ measurements under a variety of different experimental conditions, for studies of the reorientation of twin walls at phase transitions in particular. The advantage of this method over electron microscopy is that it is non-destructive, does not require complicated pre--experimental preparation of samples and allows us to use sample volumes up to several hundred µm size. Since an area detector collects data from all parts of the reciprocal space, the analysis of twinned crystals has become more common.
Three different theoretical approaches were used to analyze the parameters of the bidomain configuration of the La 0.95 Sr 0.05 Ga 0.9 Mg 0.1 O 3−x (LSGM05) twin structure [23] . For the determination of multidomain configurations in the investigated phases of LSGM05 we used the method which is based on transformation matrices [24] .
The aim of this work is to identify all configurations of nanoscale domains in small La 0.95 Sr 0.05 Ga 0.9 Mg 0.1 O 2.925 (LSGM05) ferroelastic crystals using the white beam X-ray diffraction method.
Sample preparation
La 1−x Sr x Ga 1−2x Mg 2x O 3−δ solid solution crystals were grown using the Czochralski method. During the growth of the gallate compounds in argon atmosphere, the concentration of gallium oxide decreases with time because of the thermal dissociation of Ga 2 O 3 and evaporation of the reaction products. Therefore, oxygen was introduced into the atmosphere in order to prevent the dissociation of the components during the growth. The best quality single crystal ( Fig. 1) of La 1−x Sr x Ga 1−2x Mg 2x O 3−δ (x = 0.05), 35 mm long and 20 mm in diameter, was selected to study the twin structure. This crystal was grown from the stochiometric melt in argon/1% oxygen atmosphere with a pulling rate of 1.2-2.5 mm/h. Chemical analysis confirmed that the cation composition of the crystal is identical to the initial concentration of its components [25] . The oxygen content was calculated based on charge neutrality.
In A crystal sample of La 1−x Sr x Ga 1−2x Mg 2x O 3−δ (x = 0.05) with 0.2 × 0.2 × 0.2 mm 3 dimensions was selected using an optical microscope cut from a crystal boule. The sample was placed into a quartz capillary of 0.4 mm diameter and fixed using quartz wool.
Measurements and processing data
The Laue method was used to study in detail the twinning of the La 0.95 Sr 0.05 Ga 0.9 Mg 0.1 O 2.925 perovskite-type crystal (LSGM05). Experiments were carried out at the F1 beamline at HASYLAB (DESY, Hamburg) using white X-ray synchrotron radiation. The used equipment includes a Kappa-diffractometer and a BRUKER CCD detector with a 6.25 × 6.25 cm CDD matrix (1024 × 1024 pixel resolution). The energy spectrum of the synchrotron beam was 5-60 keV. The CCD detector was positioned at 2θ = 90
• to avoid exposure to the direct synchrotron beam.
The sample-to-detector distance was changed from 58 mm to 358 mm depending on the experimental task.
A longer distance provides a diffraction picture with few multiplets and higher spatial resolution of reflections from each domain state. On the other hand, a shorter distance allows us to observe a larger number of multiplets which are necessary to index and determine the orientation matrix. Angular scanning of the sample was carried out around two axes using the conditions, ω = 0
• , φ axis = 0
• -180 • with 15
• with 15
• step width. A Laue diffraction pattern with the biggest spacial splitting of reflections from different twin domains was selected for initial indexing. The temperature of the sample was changed using a nitrogen gas stream heated to the proper temperature. A thermocouple was used to preliminarily calibrate the sample temperature. OrientExpress V3.3 freeware available via the internet [26] was used to index the Laue diffraction patterns. Input data include parameters of the crystal lattice, sample-to-detector distance, wave band of synchrotron radiation, dimensions of the matrix and angular position of the detector, and reflection coordinates. We developed an algorithm to specify and precisely measure the sample-detector distance (d) and to determine coordinates of the projection of the sample position in the detection plane of the CCD detector. The algorithm implies the analysis of two Laue diffraction patterns detected at two different distances d F1 (for example, d 1 = 100 mm and d 2 = 50 mm) but at the same angular position of the sample. Distances d 1 and d 2 are the distances from the sample to the beryllium window of the CCD chamber and not to the detection plane of the CCD detector. Therefore, corrections are needed. The algorithm also implies that the coordinates of the same Bragg reflections in pixel coordinates of the CCD detector are determined for two different Laue diffraction patterns.
The measured Laue diffraction patterns contain Bragg reflections and diffuse scattering. Additionally, there is a rather intensive background because the white synchrotron beam is scattered from the capillary, quartz--wool and the sample surface. Since the background was dome-shaped at short sample-to-detector distances (Fig. 3) , a 4th order polynomial was used for its approximation in both, x-columns and y-rows. A final background value at each (x, y) point was the average of two values derived through approximation in x column and y row. The points, where the derivative exceeds a specified threshold (p) were removed from the array used for calculating the background. In other words, we removed from the neighborhood of the Bragg reflections and diffuse scattering those high intensity points which would considerably "distort" the background lines (Figs. 3 and 4) . The threshold p was around 5-20 units. Smaller values did not provide a better approximation of the background because too many points would be removed from the array due to the white noise modulation of the Laue diffraction pattern. It should be noted that the optimum p value depends on the sample-detector distance because the shape and intensity of the background are specific to the distance. After subtracting the background a Pearson VII two--variable function was used to approximate the profile of the Bragg reflections where I 0 is intensity of reflection, x 0 and y 0 are coordinates of reflection center, w is full width at half maximum. We used different w values for x and y variables. However, the analysis of the data provide close w x and w y values, that allows to use the same w value for both x and y arguments to ensure sufficient approximation of the profiles (Fig. 5) .
Having determined the coordinates of the projection of the sample position in the recording plane of the CCD detector and the coordinates of Bragg reflection centers in the CCD detector setting, we calculated the reflection coordinates in the laboratory system. Such results were the input data for indexing the Laue diffraction patterns using OrientExpress V3.3 software. Figure 6a shows a section of a Laue diffraction pattern of a LSGM05 crystal detected at room temperature with a crystal-detector distance of d = 58 mm. The Laue pattern shows multiplets splitted into 4 reflections, each one generated by the Bragg reflections from its corresponding geometrical orientation state. The symbols TO1, TO2, TO3 and TO4 (Fig. 6a ) indicate different ferroelastic orientation states with corresponding reflections. Positions of reflections (up to 30 in total) were used to refine the orientation matrix and sample-to-detector distance. The orthorhombic cell with parameters a = 5.499 Å, b = 7.794 Å, c = 5.538 Å [25] were used for indexing the Laue diffraction patterns. To start indexing, the first six multiplets were selected at intersections of crystallographic zones. These reflections had small Miller indices which ensures that OrientExpress-assisted indexing leads to correct solutions. After the initial indexing of 6 reflections of the TO1 orientation state (0.2
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• error) we obtained about 20 different solutions. Only 6 solutions coincide with the experimental Laue diffraction pattern and possess relatively small differences between the calculated and experimental reflection positions. These 6 solutions correspond to 6 allowed domain states in the ferroelastic orthorhombic phase of LSGM05 [23] . Further refinement of these solutions using 30 reflections is given in Table I . The minimum mean deviation (several times smaller than in the other five cases) is ensured by the 4th solution. In this case the sample-to-CCD detector distance remains the same and is 58.0 mm. The results show the indices of the 4th solution and its corresponding orientation matrix (determined by OrientExpress and shown in Table II) . OrientExpress software allows for the estimation of an angular error for each solution. This error was below 0.02
• for the best (4th) solution.
Results of the Bragg reflections for the remaining 3 domain states (TO2, TO3, and TO4) are given in Table II . Indexing of reflections for each domain state yields the same 6 solutions as for the state TO1. However, consideration of more reflections has shown that the 3rd solution is the best for the state TO2, the 5th for TO3, and the 6th for TO4 (bold in Table II ). The mean deviation provided by these best solutions is several times smaller than in other cases, with a sample-to-detector distance remaining 58.0 mm. It should be mentioned that reflections from each domain are indexed independently. In the orthorhombic symmetry, the Laue diffraction patterns can be indexed according to 8 different crystallographic equivalent settings with the same indices, they differ only by sign.
Trigonal phase
The Laue diffraction patterns show that heating of the sample above 720 K to the trigonal phase causes the multiplets to split into 4 reflections. The symbols TR1, TR2, TR3 and TR4 (Fig. 6b) indicate the corresponding orientation states. All Laue diffraction patterns were separately indexed using the reflections of each of the 4 domain states. Positions of reflections (up to 29 in total) were used to refine the orientation matrix M T j and sample-to-detector distance. Powder diffraction shows that the trigonal cell with space group R3c and parameters a = 5.527 Å; α = 60.33
• is characteristic for the LSGM05 crystal at 753 K [25] . Those parameters were used for indexing the Laue diffraction patterns. After initial indexing of 6 reflections of the orientation state TR1 (0.2
• error) we have obtained 4 different solutions, which visually coincide with the experimental Laue diffraction pattern. Further refinement of these solutions using 30 reflections is given in Table III . The minimum mean deviation for the state TR1 results for the 3rd solution. In this case, the sample-to-detector distance remains the same and is 58.0 mm. The results allow to index the TR1 domain reflections using indices of the 3rd solution. This solution was obtained with an angular error below 0.03
• . Results of the Bragg reflections indexed for the other 3 domain states (TR2, TR3 and TR4) are given in Table IV . Indexing of reflections for each domain state yields the same 4 solutions as for the state TR1. However, consideration of more reflections (up to 29) Table IV ). Similarly to the state TR1, the mean deviation provided by such best solutions is several times smaller than in other cases. We used the OrientExpress software for indexing each domain separately. It should be mentioned that the row sequence in orientation matrices M T j and the sign depend upon the setting used for indexing. The sequence of rows in calculated matrices M T j can be changed through cyclic permutation using the basis vector equivalency of a rhombohedral cell. Centrosymmetrical Laue diffraction patterns allow us multiplying rows of M T j by −1.
Identification of domain walls
To avoid ambiguous identification of domain structures we used the "relative shifts" method, an algorithm which is shown in Fig. 7 . The proposed method is based on the selection of one domain referred as "reference" domain, the determination of spot coordinates from this domain state on the Laue pattern and indexing selected reflections with subsequent determination of the orientation matrice M 1 of the domain state relative to the laboratory coordinate system. In next step, using the transformation matrices T 1t (see Table 1 Figure 8a shows an enlarged part of the Laue diffraction pattern obtained at a distance of 358 mm. In addition to the observed Bragg reflections from four TR domains, the calculated positions of reflections from allowed domain states in this phase are marked by circles. The calculated positions of the Bragg reflections from domain states connected with "reference" domain TR1 by (011) and (121) mirror plane coincide with the positions of the (211) reflections from domains TR2 and TR3. Figure 8a shows that the calculated positions of reflections from all other potential domains are outside the region of the observed reflections including the reflection from domain TR4. This indicates that there are no stress-free walls between the pair of domain states TR1-TR4.
Trigonal phase
In a next step, using the transformation matrices T 1t (Table 1 in [23] ), we determined the orientation matrices . However, there is no stress-free wall between TR3 and TR2 domains. It should be noted that indices of the (101) Bragg reflection from domain TR4 obtained by indexing the Laue diffraction pattern can be also determined through cyclic permutation of (011), which was obtained taking domain TR3 as "reference".
Based on the identification of domain walls between the four observed domain states we can assume that the LSGM05 crystal has a "chevron-like" domain configuration in the trigonal phase (Fig. 5d in [23] ). In Refs. [23, 24] we demonstrated that such structure allows four different orientation states to coexist without additional stress in the trigonal phase. The wall (110) extends the domain wall (011), which connects domains TR1 and TR2. Domain TR3 is connected with the domain TR1 through the domain wall (121), which extends the domain wall (121) between the states TR2 and TR4 and turns at about 90
• at the intersection of the walls (011). Domain walls (121) between domain pairs TR2-TR4 and TR1-TR3 (B − C and M − A pairs in Fig. 5d [23] ) correspond to mirror reflection with respect to domain walls (011) or (110), correspondingly. All four domain states TR contact each other in the direction [100] p (Fig. 5d  in [23] ).
Orthorhombic phase
In the same sample, a "chevron-like" twin structure was observed in the orthorhombic phase at room temperature. Figure 9 shows a corresponding part of the Laue diffraction pattern observed for sample-to-detector distance of 358 mm. Using the transformation matrices T 1t (see Table 2 in [23] ) and the orientation matrix M 3 (Sect. 4.1) of the "reference" domain state TO3, the reflection positions for domain states related by possible twin laws [23] were calculated. In addition to reflections from four TO domains, the calculated reflection positions with respect to the orientation state TO3 ("reference" domain) from possible domain states in the orthorhombic phase are shown in Fig. 9 . As seen in the figure, calculated reflection positions from possible domain states connected with domain state TO3 by mirror planes (101) and (121) plane coincide with the positions of the observed (121) and (200) reflections from domain states TO1 and TO2, respectively. The same Miller indices for both reflections were determined using the corresponding transformation matrices T 1t (Table 2 in [23] ) and orientation matrix M 3 of the "reference" domain TO3. The position of the reflection (002) from domain related with TO3 by the mirror plane (121) rather poorly agrees with the position of the observed reflection from the TO4 state (Fig. 9) .
Since, according to [23] 4-domain stress-free junctions can appear with (121) and (101) walls in the orthorhombic phase (see Fig. 10d in [23] ), we also calculated the reflection positions for domain state related with domain state TO3 by two subsequent symmetry operations, the mirror planes (101) and (121) as well as the mirror planes (101) and (121). The reflection position from the domain connected with TO3 via two subsequent mirror reflections with respect to (121) and (101) is represented as the sum W (−121) + W (10−1) in Fig. 9 . The reflection position of W (−121) + W (10−1) agrees better with experimentally observed reflection from state TO4. Thus, we conclude that the domain TO3 is related with TO1 through the wall (101) and with TO2 through (121). However, the domain state TO4 is not related with TO3, but with TO2 via the wall (101). Based on the analysis above we find the twin structure shown in Fig. 10d in [23] . The crystallographic plane (121) is the contact face between domains TO3 and TO2 (domains A and C in Fig. 10d [23] , correspondingly), while domains TO1 and TO4 (domains M and B in Fig. 10d [23] , correspondingly) are connected by the wall (121) in the domain TO4 setting. It extends the wall (121) between domains TO3 and TO2. The wall (101) connects the TO3 and TO1 domains as well as TO2 and TO4. This wall changes its orientation at ca. 90
• at intersection with the wall (121) or (121) (Fig. 10d in [23] ). Similar to the trigonal phase, the perovskite direction [100] p is common for all four TO domains. This configuration allows junctions of four different orientation states without additional stress over the temperature range of the orthorhombic phase [24] .
Configuration reversibility of twin walls
The Laue method can be used to investigate the twin structure in different phases as well as its rearrangement at the phase transition. Using this method, the configuration reversibility of twinning walls in LSGM05 during heating above the transition point was studied. The multiplet consisting of reflections (121) from TO1 and TO3, as well as (200) from TO2 and (002) from TO4 and their corresponding reflections of higher order were selected to study temperature-induced changes of the twin pattern. This multiplet is the most intensive in both, the orthorhombic and trigonal phases and allows us to record these reflections during exposure time of 0.1 s.
The crystal was slowly heated with the rate 400 K/h up to 900 K. During heating the Laue patterns were recorded. Parallel shift of all four X-ray spots due to thermal expansion and corresponding lattice parameters changes were observed in the orthorhombic phase and above 570 K in the monoclinic phase. Obviously, the phase transition of the second type from orthorhombic to monoclinic symmetry does not lead to a rearrangement of the ferroelastic domain structure, because all domain walls, which can appear in the orthorhombic phase, can connect domain pairs in the monoclinic low-symmetry phase (Tables 2 and 3 in [23] ).
Fundamental changes in spacial distribution of reflections was observed above 670 K (Fig. 10) . Areas of the Laue patterns, shown in Fig. 10b -h, were obtained after 1 s exposure time, which demonstrate the evolution of the rearrangement of the domain structure during continuous heating of sample. Firstly, the most intensive "old" reflections split into two close peaks (Fig. 10b) . Then three no clearly pronounced additional reflections appeared with increasing intensities, whereas the intensities of four "former" peaks decreased (Fig. 10c-g ). The "former" low--temperature reflections disappeared completely on further heating (Fig. 10h) . It should be noted that intensive X-ray scattering was observed in the areas between coexisting "former" and "new" peaks with a parallelogram--shaped intensity distribution (Fig. 10c-g ). The X-ray intensities (Fig. 10h) corresponded to orientation states of the trigonal phase and were identified as reflections (1-10) of state TR1, (211) of TR2 and TR3, (−101) of TR4 in Sect. 4.1 at 753 K. The presence of 8 reflections (Fig. 10c ) from both monoclinic and trigonal phases testifies the coexistence of two phases. The sample area switched to the trigonal phase is already divided into four domain states forming a chevron-like configuration of the ferroelastic domain structure. In the low temperature orthorhombic and monoclinic phase the ferroelastic domain structure (Sect. 5.2) rearranges and forms another domain structure (Sect. 5.1) related to the trigonal ferroelastic phase above phase transition (ca. 670 K). The configuration of domain walls rearranges again during further cooling at approximately 665 K (Fig. 11) . On cooling we observed the coexistence of four domains of the trigonal phase as well as again the appearance of four domains of the monoclinic phase ( Fig. 11b-d) , similar to the domain coexistence during heating (Fig. 10) . It should be noted that the orientation of domain walls is the same in both the ferroelastic monoclinic (or the orthorhombic) and the trigonal phases with respect to their orientation in the perovskites setting ( Fig. 10 and Fig. 5 in [23] ). At the phase transition on heating as well as on cooling only some domain walls are rearranged and produced "chevrons rotation" on approximately 45
• in the plane normal to the domain walls. Figure 12 shows the Laue diffraction patterns (the same multiplet as in Sect. 5.2) before and after heating the crystal above the trigonal transition point for the first three temperature cycles. Since, the crystal was heated above 720 K, the twin structure of the low temperature orthorhombic phase was re-arranged. Upon cooling to room temperature the twin walls rearrange again. One might have expected that this cycling should change the initial configuration of twin walls in the orthorhombic phase. However (see Fig. 12 ) such change happens only during the first heating cycle, while all Laue diffraction patterns observed in the next cycles are practically identical. After the first heating cycle (see Fig. 12b ) the crystal maintains its initial orientation states (Fig. 12a) , however, the change of the intensities of the reflections corresponding to the four states indicate changes of the domain volumes. Also the shape of the reflections changes from circular (before heating) to elliptical after the first heating cycle. The Laue diffraction patterns determined after the 2nd and 3rd thermal cycles are practically identical to the Laue diffraction pattern observed after the initial heating cycle. Theefore, the subsequent two thermal cycles have no considerable influence on the configuration of the twin structure in the orthorhombic phase. Reflection positions, shapes and intensities remain practically unchanged after the first thermal treatment.
Insignificant changes of reflections intensities may be explained by the approximation error of the reflections on corresponding Laue patterns. To test this, we determined and analyzed intensities and FWHM data of 12 different multiplets observed below the phase transition for a sample-detector distance of 108 mm during the 2nd cycle. This distance was selected as an optimum because it allowed us to separate reflections from different orientation states, and about 20 multiplets were detected using this CDD-detector distance simultane- ously. Intensity and FWHM ratios of all four domains (TO1-TO4) at room temperature before (I C2 , W C2 ) and after (I C3 , W C3 ) the 2nd cycle are shown in Table V . Reflections with medium intensity values are selected for comparison. The analysis shows that even small deviations of intensity ratios from some constants involve variations of FWHM ratios in opposite directions. This underlines that deviations in the intensity ratios are caused by the approximation error of reflections.
Reversibility of the twin walls configuration was also observed in the high temperature rhombohedral phase as indicated by identical Laue diffraction patterns, which were detected above the ferroelastic phase transition point. Positions, shapes and intensities of reflections (−110) from TR1, (211) from TR2 and TR3, and (−101) from TR4 are the same after the first and further heat treatments (Fig. 13) . Table VI contains the intensity and FWHM values of the above mentioned reflections of 4 domains (TR1-TR4) determined at 690-710 K in the trigonal phase at successive thermal cycles. For illustration we include the I TRi /I TR1 value determined versus the intensity of the reflections (−110) (and its higher orders) from the state TR1. Similarly to the orthorhombic phase, there is a slight difference in values determined at different thermal cycles. This is mainly caused by the error of the approximation of the Laue diffraction spots. Our results show that orientation states and domain walls between them are reproduced without noticeable changes in both, the low temperature orthorhombic and the high temperature trigonal phase during the ferroelas-tic transition. Investigation of the multiplet intensity in the Laue diffraction patterns collected at different temperatures showed that the successive twin configurations appearing during the temperature cycling between orthorhombic and trigonal phases can be described as follows:
where Z is the initial twin configuration in the orthorhombic phase prior to the first heating above the trigonal transition point, X is the twin configuration formed in the trigonal phase after heating (Sect. 5.1), Y is the twin configuration appearing in the orthorhombic phase (instead of the initial one) after cooling below the trigonal transition point (Sect. 5.2). Thus, after the first thermal cycle the crystal can "switch" between two phase-specific twin configurations. Additionally, the volume of each orientation state is reproduced. This is a full reproducibility of the domain walls configuration in the sample during thermal cycles. In other words, there is a domain wall location memory effect. Only the twin structure observed in the orthorhombic phase prior to the first phase transition is an exception. In order to understand this behavior it should be taken into account that the sample was prepared through mechanical fragmentation at room temperature, which causes additional strain in the crystal. Stress in LSGM05 crystals can easily relax via the separation into different orientation states. The additional induced stress results in a rearrangement of the twin structure, which was listed before the sample preparation. The corresponding twin structure is a "non-equilibrium" state because both, the crystal shape and its size changed after mechanical fragmentation. The "equilibrium" twin structure is then formed in the trigonal phase on heating above the transition point. This structure occurs due to the relaxation of stress caused by the mismatch of neighboring phases at the phase front and crystal defects under new boundary conditions, involving the crystal size and shape. Subsequent cooling of the sample below the phase transition point results in the rearrangement of the walls according to the distribution of stress in the low temperature phase induced by the same defects and mismatch of phases at the phase front. Reproducibility of the twin configurations in both phases indicates reproducibility of the stress distribution. Since the stress fields are formed by two factors, i.e. mismatch of the phases and defects, the reproducibility of the configuration of the twin structure results from the reproducibility of stress fields induced by those two factors or one of them.
Namely, domination of mechanical strain due to mismatch of two phases results in a periodical distribution of strain [27] . It is difficult to expect the reversibility of the strain from one temperature cycle to the next one, because it is defined by external conditions, i.e. by the temperature field. The smallest fluctuations in temperature cause a change of the phase front orientation and a different strain distribution, which results in a different periodical size and configuration of the ferroelastic domain structure.
Defects create an irregular stress distribution due to their arbitrary localization in the sample. According to [28] [29] [30] [31] [32] they maintain their distribution in the crystal and determine the reversibility of strain fields because of their insignificant migration at comparatively low temperatures (≈ 700 K). At the transition to the paraelastic phase (or ferroelastic phase as in our case) the defect distribution remains unchanged and the same configuration of domains walls on cooling to the low temperature ferroelastic phase occurs [33] . In case of LSGM05 a phase transition from one ferroelastic phase to another one takes place, but the mechanism of reversibility of domain wall configurations is the same. Furthermore, a "chevron--like" configuration appears in the high-temperature ferroelastic trigonal phase, where the domain walls are parallel to the domain walls of the low-temperature ferroelastic orthorhombic phase (Sect. 5). Such topological correlation of domain wall configurations in both phases is not accidental and testifies about dominating influence of point defects on the configuration of the domain pattern in LSGM05. We may expect an accumulation of bivalent cations (Sr 2+ , Mg 2+ ) and oxygen vacancies inside or close to the domain walls.
Conclusions
Our results show that heating from the orthorhombic to the trigonal phase and cooling from the trigonal phase to the orthorhombic one causes "chevron-like" twin patterns in LSGM05 crystals. All "chevron cells" are extended along the same perovskite axis 001 p , in both, the orthorhombic and the trigonal phase. Besides, four orientation states occur which perfectly match geometrically and hence no additional stress occurs at the intersections of the domain walls throughout the full stability range of the corresponding phases.
The specific "chevron" twin pattern allows one the reproducibility of wall configurations in heavy defect LSGM05 crystals. The stress can completely relax by forming phase-specific domain wall configurations, and hence, reorientations occur during thermal cycling. Such pattern of domain walls is characteristic also for other perovskite-type compounds with a sequence of ferroelastic phase transitions related to those of LSGM05. Examples are mixed conductivity perovskites, which are used as electrode materials and interconnectors in SOFC batteries.
The reversibility of characteristic chevron-like domain patterns during the transformation between ferroelastic phases of LSGM05 crystal was studied in detail. The observed reversibility of the domain structure in this crystal follows from the distribution of microstrain caused by the spatial distribution of oxygen vacancies and dopant ions in the crystal. This distribution remains stable because the migration of vacancies and ions in the crystal structure at temperatures about 750 K is small. Taking into account the segregation of oxygen vacancies at domain walls, it has been assumed that the high ionic conductivity of LSGM compounds is caused by two simultaneous processes of oxygen diffusion: through the volume of the domains and fast along the domain boundaries [7, 8] .
In the trigonal and orthorhombic phase a "chevron--like" configuration is formed due to atomic displacements along the direction 001 p , parallel to the "chevron cells". This feature may be of practical use because the preparation of electrolyte and electrode ceramics for SOFC includes compaction as one of the synthesis stages. Compaction leads to unidirectional mechanical stress. Ceramics can therefore be approximated by an ensemble of small crystallites and mechanical pressure imposed to an electrolyte pellet, which causes rearrangement of the twin structure of "chevron cells" in ceramic grains along the direction parallel or nearly parallel to the imposed pressure. Hence, such pressure will cause texturing of twin "chevrons" in electrolyte layers along the direction of oxygen diffusion in the SOFC structure. Keeping in mind the influence of twin walls on the conductivity and the high density of twin walls in LSGM05 [7, 8] , we suppose that texturing of the twin structure, e.g. reorientation of "chevron cells" increases the conductivity of the perovskite-type electrolyte LSGM in the cathode-anode direction.
